Caridida 107 constitutively oxidizes n-nonane and longer alkanes. Decane and longer alkanes have little effect on endogenous respiration (measured as 14C02 expiration from yeast grown on [ U-14C]glucose). Alkane-grown yeast assimilated [ i-14C]decane more rapidly than glucose-grown yeast though without a lag in both cases. Glucose did not inhibit these incorporations. [U-14C]Glucose was assimilated without a lag into glucose-grown yeast and, at a quarter of this rate, into alkanegrown yeast; if the latter yeast was pre-incubated with glucose for 60 min, it took up [ U-14C]glucose at the higher rate. n-Decane (0.5 to I ' 0 mg/mg yeast dry wt) severely and rapidly inhibited glucose assimilation. Longer chain alkanes were progressively less effective. All alkanes were more inhibitory with alkane-grown yeast. The rate of glucose assimilation was inversely proportional to the concentration of decane and directly proportional to the yeast concentration. Transport of glucose, as distinct from its assimilation, was also inhibited by decane. Uptake of fiicose, a nonmetabolizable deoxyhexose, was similarly affected. Passive transport of glucose did not occur. Alkanes did not prevent glucose access to the yeast surface as pristane, a non-metabolizable paraffin, had no effect on glucose assimilation in Candida I 07 and dodecane was not inhibitory against carbohydrate transport in Saccharon?yces carlsberget~sis. Alkanes probably inhibit by causing accumulation of fatty acids or acyl CoA esters which may, either through feedback inhibitions or by further metabolism, cause build-up of ATP, acetyl CoA, and glucose 6-phosphate, thus leading to cessation of glucose transport and metabolism.
Inhibition of Glucose Assimilation and Transport by n-Decane and Other n-Alkanes in Candida 107
Caridida 107 constitutively oxidizes n-nonane and longer alkanes. Decane and longer alkanes have little effect on endogenous respiration (measured as 14C02 expiration from yeast grown on [ U-14C]glucose). Alkane-grown yeast assimilated [ i-14C] decane more rapidly than glucose-grown yeast though without a lag in both cases. Glucose did not inhibit these incorporations. [U-14C]Glucose was assimilated without a lag into glucose-grown yeast and, at a quarter of this rate, into alkanegrown yeast; if the latter yeast was pre-incubated with glucose for 60 min, it took up [ U-14C]glucose at the higher rate. n-Decane (0.5 to I ' 0 mg/mg yeast dry wt) severely and rapidly inhibited glucose assimilation. Longer chain alkanes were progressively less effective. All alkanes were more inhibitory with alkane-grown yeast. The rate of glucose assimilation was inversely proportional to the concentration of decane and directly proportional to the yeast concentration. Transport of glucose, as distinct from its assimilation, was also inhibited by decane. Uptake of fiicose, a nonmetabolizable deoxyhexose, was similarly affected. Passive transport of glucose did not occur. Alkanes did not prevent glucose access to the yeast surface as pristane, a non-metabolizable paraffin, had no effect on glucose assimilation in Candida I 07 and dodecane was not inhibitory against carbohydrate transport in Saccharon?yces carlsberget~sis. Alkanes probably inhibit by causing accumulation of fatty acids or acyl CoA esters which may, either through feedback inhibitions or by further metabolism, cause build-up of ATP, acetyl CoA, and glucose 6-phosphate, thus leading to cessation of glucose transport and metabolism.
I N T R O D U C T I O N
During a previous study of a hydrocarbon-oxidizing yeast, Candida 107, addition of n-alkanes (CI3 to C,, chain length) to a culture growing exponentially on glucose resulted in an immediate decrease in the rate of glucose consumption and the simultaneous appearance of oxidation products of the alkanes (Ratledge, 1968) . This novel diauxic effect has now been examined in detail and reasons for it are presented in this paper; a preliminary note of part of this work has already appeared (Gill & Ratledge, 1972a) .
M E T H O D S
Yeasts andgrowth. Candida I 07 and Saccharomyces carlsbergensis were grown as previously described (Gill & Ratledge, 1972b) . Yeasts were washed in water before preparing suspensions.
Respiration rrieas~rre~~~ents. Oxygen consumption was measured with an oxygen electrode as previously described by Gill & Ratledge (1972b 
in the presence of alkanes was monitored by first growing the yeast for 24 h on a glucosecontaining medium (Gill & Ratledge, 1972b) n-alkane emulsion in water was followed in a Warburg manometer flask using 0.2 ml 10 9 ;
Hyamine hydroxide in methanol in the centre-well which was fitted with I cm2 of fibre-glass filter paper. After incubation with shaking at 30 "C for 30 min, 1.0 ml 10 M H,S04 was tipped in from the side-arm and the filter paper removed 15 min later. Radioactivity in a sample of the Hyamine hydroxide was counted by liquid scintillation using 5 g 2,5-diphenyloxazole/l of toluene.
A ssim ila t ion exper imen t s
In experiments where rapid sampling was required, Eppendorf pipettes (Eppendorf Geratebau Netheler und Hinz, GmbH, Hamburg, Germany) were used exclusively.
Assitnilation of [ ~-~~C]decane. Suspensions of yeast, 2 to 3 mg/ml, in distilled water were shaken at 30 "C for 10 min with or without 3-6 mg glucose/ml. [1-14C]Decane (sp. act. 22 pCi/g), 0-2 ml of a 5 "/; (v/v) emulsion in water, was then added to the suspension. The final volume was 10 ml. Samples (0.5 ml) were removed and added to 5 ml chloroform+ methanol (1.1, v/v) at o "C. After 5 min, the yeast was collected by filtering through a fibre-glass filter and then washed with fresh chloroform +methanol mixture (2 x 5 ml). [This treatment removes all residual alkane from the yeast. Any lipid extracted was considered of little importance as decane is not directly incorporated into lipid components in Candida 107 (R. T. Thorpe & C . Ratledge, unpublished work) .] The yeast and the filter paper were then placed in scintillation fluid (5 g 2,5-diphenyloxazole, IOO g naphthalene in I 1 of dioxane) and the radioactivity counted.
[ U-14C]Glucose assimilation. Suspensions of yeast (containing 20 to 30 mg dry wt/incubation) were pre-incubated for 10 min at 30 "C before adding 20 mg [U-14C]glucose (sp. act. 0.25 ,uCi/mg). Alkanes were usually added as 2 ml of a 5 yo (v/v) emulsion. The final volume was 10 ml. Samples (0.5 ml) were added to 5 ml of 5 yo trichloroacetic acid at o 'C, filtered and washed twice with distilled water. By this treatment, the pool of water-soluble intermediary metabolites would be removed so that residual radioactivity measured actual assimilation. The filter papers with the yeast were dried in scintillation vials at 80 'C for I h before counting with the toluene-based scintillation fluid (see above).
Uptake o~D -
The method used was the same as that described for glucose assimilation except that samples were added to 5 ml water at o "C. With glucose, samples were taken at 15 s intervals from 15 to 90 s after addition of radioactive substrate. With fucose and sorbose, samples were taken at 20 min intervals up to 120 min. Samples were filtered and quickly washed with water, at o "C, and the filter paper was immediately transferred to the dioxan-based scintillation fluid.
Chemicals. n-Alkanes, at 99 yo purity, and pristane (2,6, I 0, I 4-tetramethylpentadecane) at 97 yo purity, were from Koch-Light Laboratories Ltd, Colnbrook, Buckinghamshire.
Pristane was purified before use (Gill & Ratledge, 1972b) . All radiochemicals were obtained from The Radiochemical Centre, Amersham, Buckinghamshire. 
R E S U L T S
Oxidation and assimilation of alkanes. A constitutive enzyme system for the oxidation of n-alkanes exists in Candida 107 as immediate oxidation of n-alkanes from C,, to C,, occurred in the presence of suspensions of the yeast previously grown on either glucose or n-alkanes (Fig. I ). With suspensions of glucose-grown Candida 107, alkanes with an odd number of carbon atoms increased the respiration rate by less than 10 yo above endogenous, but alkanes with an even number of carbon atoms produced an increase of about 20%. With alkanegrown Candidu 107 the rate of oxidation increased with chain length from n-nonane to 12-pentadecane, reaching a maximum value of 70 % higher than the endogenous rate. However, because alkanes inhibit glucose oxidation (see later), they might also inhibit endogenous oxidation. If this were so, these foregoing results would indicate a higher rate of alkane oxidation than was actually measured. An effect of alkanes on endogenous respiration was, however, confined to octane when alkane-grown yeast was used, and to octane and nonane when glucose-grown yeast was used (Fig. 2) . Longer chain alkanes only slightly inhibited the endogenous rates of respiration. Thus, from the data of Fig. I and 2 Candida 107 oxidizes, in a constitutive manner, all alkanes with a chain-length of C, or more. Slight oxidation of octane is indicated, which agrees with a previous finding that Candida 107 may be able to On: Fri, 09 Nov 2018 22:14:08
60 90 120 Time (min) Fig. 3 . Assimilation of n-[ I -W]decane by suspensions of alkane-grown (circles) and glucose-grown (squares) suspensions of Cclndidu 107 in absence (open symbols) and presence of glucose, 3.6 mg/ml (closed symbols). Dry wt of the suspensions were, respectively, 2-8 nig/ml and 2.4 mg/ml. grow slowly on octane if its concentration is kept below a critical toxic level (Gill & Ratledge, Assimilation of n-al kanes by glucose-grown yeast was confirmed radiochemically using [~J~CIdecane (Fig. 3 ) though the rate of assimilation was much slower than the initial rate of assimilation into alkane-grown yeast. A constitutive system for this assimilation again was indicated as there was no lag period before incorporation occurred in glucose-grown cells. The presence of glucose had no effect on the assimilation of n-decane by either type of yeast.
Eflect of alkanes on glucose assimilation. Glucose was assimilated rapidly without a lag period by both glucose and alkane-grown Candida 107, though the rate of assimilation by the glucose-grown yeast was about four times that of alkane-grown yeast. However, upon incubating a suspension of al kane-grown yeast with glucose ( I -0 mg/ml) for 60 min at 30 "C and then washing to remove excess glucose, uptake of [U-14C]glucose then proceeded at a rate equal to that measured in the glucose-grown yeast (Fig. 4a) . n-Decane severely inhibited glucose assimilation with suspensions of both the glucose and alkane-grown Candida I 07 ( Fig. 4a and b) . This inhibition was alrnost 100% with the alkane-grown yeast (Fig. 4a) and in both types of yeast it occurred rapidly as was shown by adding decane to a yeast suspension which had already been incubated with glucose for 30 min ( Fig. 4a and b) . The rate of glucose assimilation in both glucose-grown and alkane-grown yeast was inversely proportional to the concentration of n-decane (Fig. 5 a) and was directly proportional to the yeast concentration from about 0.4 mg to about 2 mg dry wt/ml (Fig. 5b) . At a low density of yeast or at a high concentration of alkane, glucose-grown yeast, unlike alkanegrown yeast, was not completely arrested in its ability to assimilate glucose. In both these cases a minimum rate of about 6 % of the uninhibited rate was observed.
Inhibition of the rate of glucose assimilation varied with the chain-length of alkane used (Fig. 6 ). Long-chain alkanes were less effective than short-chain ones, but with all alkanes, inhibition was greater against alkane-grown yeast than glucose-grown yeast.
Non-irdiibition of glucose access to yeasts bjj alkanes. Inhibition of glucose assimilation by alkanes could be by the alkanes associating with the boundary layers of the yeast, thereby physically preventing glucose access to the yeast. Although attachment of alkane droplets to the yeast surface has been reported (Bakhuis & Bos, 1969) , if this were the cause of inhibition of glucose uptake then inhibition of uptake of other nutrients may also be expected. ii-Dcc,\ilr: .iddd (Ratledge, I 968) simultaneously acquiring other nutrients, such as K-k, Mg2+, PO,3-, SO,2-etc., from the medium. Moreover, pristane, which is a non-metabolizable, branched-chain alkane, inhibited glucose uptake into Candida 107 by only 5 yo under the same conditions, and at the same concentration as decane completely inhibited uptake.
The conclusion that alkanes do not prevent glucose access to the yeast surface was reinforced by dodecane failing to inhibit transport of ~-[U-l~C]sorbose, a non-metabolizable sugar, into Saccharomyces carlsbergensis which cannot metabolize a1 kanes of any chainlength (Fig. 7) .
Effect of alkanes on glucose transport. Although alkanes do not prevent access of glucose to the yeast surface, they or their metabolites could inhibit the subsequent transport of glucose into the yeast. However, before investigating this possibility, some understanding of the mechanism of glucose transport was required. Transport of glucose into Candida 107 was found to be tightly coupled to energy metabolism as uptake was entirely abolished by iodoacetic acid under N,, or KCN or dinitrophenol ( Table I) . No passive transport, or diffusion, of glucose occurred under these conditions. Similar observations have previously been made for Rhodotorula gracilis (Hofer & Kotyk, 1968) and Candida beverwijki (Deak & Kotyk, 1968) . Fluoride had no effect on glucose uptake by Candida 107 (Table I) though it had caused inhibition with C. beverwijki (Deak & Kotyk, 1968) . The effect of alkanes on glucose transport in Candida 107 was subsequently followed in two ways :
Firstly, the rate of uptake of a non-metabolizable sugar, D-fucose (C. 0. Gill, unpublished results), in Candida 107 was followed. Here, as metabolism could not occur, the rate of uptake of [~-~H] approximately equal inhibitions of transport with both glucose-and alkane-grown yeast up to a maximum of about 9 0 :~ (Fig. 8) . Alkanes therefore did not completely suppress fucose uptake. The justification for using fucose in these experiments is that fucose is probably taken up by a transport system similar to that for glucose (Table 2) . However, whether both sugars are transported by the same permease is uncertain, as competition experiments between fucose, glucose and galactose (Table 2) showed that glucose effectively inhibited uptake of fucose but fucose completely failed to arrest glucose uptake even when added at 320 times the concentration of glucose. If there was only one permease for both fucose and glucose, its affinity, i.e. K,, for glucose must be well in excess of 103 times greater than that for fucose to account for this result. Cirillo (1968), using Saccharomyces cerevisiae, found that the affinity of this glucose carrier for glucose was 50 times higher than that of D-fUCOSe. Secondly, glucose transport was followed by measuring the initial rate of [14C]glucose incorporation into yeast, which was linear over the period of sampling (90 s). The yeast was washed only with water before counting radioactivity and so no radioactivity was removed from within the yeast (which is in contrast to experiments where assimilation of glucose was followed). Consequently, as there was no passive transport of glucose, the rate of total glucose uptake corresponded with the rate of glucose transport. Inhibition of transport by decane occurred in both glucose-and alkane-grown yeast (Fig. 9) . Transport was not affected as much as assimilation had been (see Fig. 5a ), indicating alkanes must inhibit both processes. The minimum rate of glucose transport in alkane-grown yeast was not zero but was close to the minimum rate of fucose transport in both glucose-and alkane-grown yeast in the presence of n-decane.
D I S C U S S I O N
Alkanes, which by themselves are not toxic (see Gill & Ratledge, 1972b) , inhibit both the transport and assimilation of glucose in Candida 107. Inhibition only occurs with metabolizable alkanes and not with pristane, a non-metabolizable alkane. It does not occur in a yeast which is unable to oxidize alkanes. Furthermore, inhibition of transport in Candida 107 also occurs with the non-metabolizablesugar, fucose. Inhibition, therefore, is dependent upon metabolism of the alkane but not of the sugar. However, the transport of the non-metabolized sugar is inhibited by decane in glucose-grown yeast to a greater extent than is the transport of glucose, indicating that the products of glucose catabolism can partially relieve the inhibitory effects of the alkanes.
Metabolism of the alkanes is therefore an important factor in determining their inhibitory effects. In yeasts, n-alkanes are oxidized, via n-alkanols, to fatty acids which then, depending on chain-length, are either incorporated into triglycerides and phospholipids or are degraded to small carbon fragments (Thorpe & Ratledge, 1972 ; R. F. Thorpe & C. Ratledge, unpublished work) . Fatty acids from alkanes with a chain-length of CI3 or less are not incorporated into lipid with Candida 107 and, significantly, it was alkanes of such chain-lengths which were the most potent inhibitors of glucose incorporation. The inhibition of glucose transport cannot be due to an inhibition of energy production, to which transport is closely linked, as the process of fatty acid oxidation is itself an energy-yielding process. We conclude that the effective inhibition of glucose uptake and catabolism is probably caused by an accumulation of some intermediate or intermediates of alkane metabolism. There are several possible intermediates which could be responsible for this inhibition. The increased energy charge (Atkinson, 19691, i.e. build-up of ATP, during alkane oxidation and degradation will undoubtedly lead to inhibition of the enzymes of glycolysis and the citric acid cycle (see Sols, 1968; and also Larner, 1971 , for a discussion of the role of ATPIADPI AMP in the interlocking controls of carbohydrate and lipid metabolism). Such inhibition will almost certainly cause accumulation of glucose 6-phosphate which, according to Azam & Kotyk (1969) , would then inhibit the process of glucose transport.
Likely though these events may be, the inhibitions brought about by octane and nonane would indicate additional factors to be involved, as octane and nonane, which were the most effective inhibitors, were not rapidly oxidized or utilized for growth (Gill & Ratledge, 1972b) and therefore would only generate ATP slowly.
Other probable inhibitors derived frorn the alkanes are the free fatty acids themselves or their corresponding acyl CoA esters. Both might accumulate during oxidation of alkanes due to unfavourable specificities of the appropriate enzymes such as the acyl CoA synthetases (EC. 6.2. I . 2 and 6.2. I .3) or the enzymes of glyceride synthesis (see Hubscher, 1970) using fatty acyl CoA esters as substrates. Stimulation of gluconeogenesis in animal livers by long-chain fatty acids appears well established, and direct inhibitory effects on enzymes by both types of compound have been widely reported (for a recent review see Bressler, 1970) , though the effects of C, and C, conipounds have been little studied. However, Vagelos (1971) ? indicates uncertainty of action.
physiological role in the regulation of metabolism. More recently, though, Silbert, Cohen & Hardor (1972) showed that long-chain fatty acyl CoA esters accumulating in Escherichia coli because of shifts in its metabolic state could inhibit fatty acid synthesis. Lust & Lynen (1968) have proposed similar feedback inhibitions in yeast. Feedback inhibition, if operating in Caiidida 107 when oxidizing alkanes, would lead to the accumulation of acetyl CoA and this would in most cases be reinforced by the production de novo of acetyl CoA by P-oxidation of the appropriate fatty acyl CoA esters. Acetyl CoA might afford an alternative means of controlling glucose transport for it has been suggested that in Escherichia coli and Aspergillus nidirlans acetyl CoA is an effective inhibitor of glucose uptake (Morgan & Kornberg, 1969; Romano & Kornberg, 1968) . This action would presumably be by acetyl CoA exerting allosteric modifications to a glucose carrier such as has been postulated by Hofer (1971) for Rhodotorula gracilis. These proposals are summarized in Scheme I. Regulation of glucose metabolism, with perhaps a stimulation of gluconeogenesis, and the concomitant control of glucose transport by direct inhibition of the fatty acids or CoA esters -particularly those derived from nonane or decane -are not excluded from these proposals.
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